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THEORETICAL PERFORMANCE OF LITHTUM AND FLUORINE AS A ROCKET PROPELLANT

By Sanford Gordon and Vearl N. Huff Ca.

SUMMARY P

Theoretical values of performence paremeters for liquid lithium and
liquid fluorine as & rocket propellant were calculated with the assump- _
tions both of equilibrium composition and of frozen composition during
the expansion process for a wide range of fuel-oxidant ratios, combug- =
tion pressures, and expansion ratios. The parameters included were :
specifie impulse, combustion-chamber temperature, nozzle-exit tempera- :-
ture, composition, mean molecular welght, characteristic velocity, coef-
ficient of thrust, aend ratio of nozzle-exit area to throat area,

For a chamber pressure of 300 pounds per sguare Inch absolute and E*'é

an exlt pressure of 1 atmosphere, the maximum equilibrium specific : Zi_aﬁ
impulse value calculated was 335.5 pound-seconds per pound at a weight g
percent of fuel in mixture of 31.35. . .E"i

The effect of ionizaetion on the calculated performance was shown té
be negligible by a comparison of values of various parameters calcu- ;g;
lated both with and without lonlzed substances as products of combustiqﬁ

INTRODUCTION

Ligquid 1lithium and liquid fluorine are of interest as 'a rocket
propellant because the thrust per unit flow rate is the highest known
except for some propellants having liquid hydrogen as a fuel. A com-
pendium of Informetion concerning lithium is given in reference 1 and
information concerning fluorine is presented in reference 2. Availa-
bility of raw materials for the production of lithium and fluorine as
well as additional information concerning these substances is presented
In reference 3. Values of specific Impulse and combustion-chamber tem-
perature for the lithium-fluorine combination for three fuel-oxidant
ratios are presented in references 4 and 5. The values of reference 4
appear to be too high. The difference between the values presented
herein snd those of reference 5 is primarily due to the selection of
a lower value for the dissoclation energy of Fp for the present
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Further caleculations were made at the NACA Lewils laboratory during
1950 to determine-a larger number of performance paremeters over a wider
range of conditions then previously published and to determine the
effect of ionlzatlion on performance of lithium and fluorine as a
rocket propellant; the results are presented herein. The data, which
were computed with the assumptions both of equilibrium composition and
of frozen composition during the expansion process, cover a wide range
of mixture ratios and include values of specific impulse, combustion-
chanmber tempersture, nozzle-exit temperature, composition, mean molec~:
ular welght, characteristic velocity, coefficient of thrust, and ratlo
of nozzle-exit area to throat area as functions of mixture ratio.
Values of specific lmpulse and temperature are also presented for two
chanber pressures and several expansion ratios for the stolchiometric
mixture,

Because of the relatively low ionizatlon potentisl of lithium
(5.37 electron volts, reference 6), ionized lithium ILi%, electron gas
e”, and the negative ion of fluorine F~ may be formed as combustion
' products of lithium and fluorine. The effect of ionizstion is shown by
g comparison of values of various parameters calculated both wilth and
without ionized products of combustion. ’

SYMBOLS

The following symbols are used in this report:

A

1? nozzle-exit area per unit flow rate, (sq £t/1b/sec)
Ae

— ratio of nozzle-exit area to throat area

Ay

Ag

- throat ares per unit flow rate, (sq £t/1b/sec)
a velocity of sound, (ft/sec)

Cp coefficient of thrust

c* characteristic velocity, (£t/sec)

g acceleration due to gravity, 32.174 (ft/secz)

(Hg)i sum of sensible enthalpy and chemical energy of product i,
(kecal/mole)
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enthalpy per unit weight, (kcal/gram)

enthalpy per unit weight in combustion chamber, (kcal/gram)
enthalpy per unit weight at nozzle exit, (kcéy/gram)
specific impulse, (Ib-sec/1b)

mean molecular welght, (gram/mole) .

mean moleculer weight in combustion chamber, (gram/mole)
mesn moleculsr weight at nozzle exit, (gram/mole)

mean molecular welght at nozzle throat, (gram/mole)

total number of moles

moles of éroduct i

pressure at nozzle exit, (atm)

pressure at nozzle throat, (atm)

pressure in combustion chamber, (1b/sq ft) ;
universal gas constant, 1.98718 (cal/(mole)(°K)) |
temperature in combustion chamber, (°K)

temperature at nozzle exit, (°x)

temperature at nozzle throst, (°K)

ratio of average specific heat at constant pressure to average

specific heat at constant volume (at throat)

METHOD OF CALCULATION

The equilibrium composition and the temperature in the combustion

cherber and at the nozzle exit were computed by the method described in
reference 7 using the thermodynsmic tables of reference 8. The calcula-
tione were based on the following usual assumptions: perfect gas laws,
adisbatic combustion at constant pressure, isentroplc expansion, no
friction, homogeneous mixing, and one-dimensional flow.
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The products of combustion were assumed to be gases and included
the following substances: lithium fluoride LiF, fluorine Fp, ionized
lithium Li%*, ionized fluorine F-~, lithium ILi, monatomic Ffluorine F,’
and electron gas e~. The liquid or solid phases of lithium and lithium
fluoride were not included smong the products of combustion inasmucﬁ as
they would not appear except in extremely fuel-rich mixtures or for very
large expansion ratios.

The formulas used in com@uting the various parameters are as
follows:

Specific impulse. - Specific impulse was calculated from the dif-
ference in enthalpy between the combustion chamber and the nozzle exit
by the equation

= 294.98 A/, - b, (1)
2
1

h = —5 (kecal/gram)

Where

Throat area per unit flow rate., - For equilibrium composition
during expanslon, the throat area per unit flow rate was cbtalned from
the continuity equation and becomes

C1.3144(T
T
Wiequilibrium Py My a

The veloclity of sound and the conditlons at the nozzle throat for
equilibrium composition during expansion were determined by the method
described in reference 7.

For frozen composition during expansion, the continulty and veloc-
ity-of -sound equations yield

Q%) _ 0.0043937 Tt (3)
frozen

Pg My T¢

Characteristic velocity. - The equation for characteristic veloc-
ity for a combustion pressure of 300 pounds per square inch absolute
becomes

Ag Ay
= 8 p, — = 1.3899 x 10% — (4)
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Coef;}gient of thrust. - The coefficient of thrust was obtained
from the defining equation

Ig. I
Cp = <% = 32.174 —¢ (5)

Ares ratios. - In order to calculate ratio of nozzle-exit ares to
throat area A.fA;, velues of the nozzle-exlt area per unit flow rate

were Pirst cbtained from the following equation:

R

THERMOCHEMICAL: AND THERMODYNAMIC DATA

Thermochemical and thermodynamic data for the products of combus-
tlon were taken from reference 8., The heats of formation contailned <in
these data are listed in the following teble:

Heat of formation,
(keal/mole)
Substance | Phase 0° K [ 298.16° K

F - Gas 1748 | mcmmmmem =
F2 Gas 0 0
e Gas 0 0
FTo Gas -78.5 | m=mmmmmm
Lit. Gas | —---- 161.4664
Li- Gas | emm—- 36.150
LiF Gag | @ eme=e- -83.760

The values oOf specific heat in reference 8 were taken as g-R for

e”, 7, and it and were computed from spectroscopic data by the
accurate sumnation method for F and Li, and by rigid rotator-harmonic-
oscillator approximation for F, and LiF. Values of sensible enthalpy

Hﬁ - H8 and entropy S% were numericelly integrated from the
specific-heat function. Inasmuch as spectroscoplc date for LiF were

not found in the literature, the thermodynemic functions for LiF given
in reference 8 were computed from an estimated value for the vibrational
frequency. It is expected that the anharmoniclties for LiF are suf-
fleclently large to affect materially the computed values of the thermo-
dynamic functions and could cause somewhat lower values of specific
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impulse. The data presented herein are computed to more figures than
are entirely significant, but are considered sufficiently accurate
until better thermodynamic data become availsble.

Physical and thermochemicel properties of the propellants were
taken from references 1 and 8 to 14 and are given in table I.

The value of 0.512 for the density of liquid lithium at 179° C was
calculated from the value of 0.534 for the denslty of the solid at
20° ¢ (reference 9), the thermal coefficlent of cubicel expension (ref-
erence 10, p. 463), and the value of 1.5 percent for expansion on
melting (reference 10, p. 474).

THECRETICAL PERFCORMANCE

The calculated values of the various performance parameters of the
lithium-fluorine combination for a combustlon-chamber pressure of :
300 pounds per square inch absolute and an exit pressure of 1 atmosphere
are given in teble II. The maximum values of frozen and equlliibrium
specific impulse occurred at 35,40 and 31.35 weight percent of fuel,
respectively. Values of the various parameters corresponding to maxi-
mm speclfic impulse are shown as follows:

Frozen Equilibrium

composition | composition
Welght percent fuel 35,40 31.35
Propellant density, (gram/cc) 0.785 0.812
Combustion-chember temperature, (°K) 4877 5055
Corbustion-chanber mean molecular weight 18.32 18.21
Specific impulse, (1b-sec/1b) 308.8 335.5
Characteristic velocity, (ft/sec) 7211 7572
Coefflcient of thrust 1.3779 1.4257
Ratio of nozzle-exit area to throat ares 2.998 3.918
Nozzle-exit temperature, (°K) 2154 3756
Nozzle-exit mean molecular weight ' 18.32 21.42

The paremeters are plotted in figures 1 and 2 agalinst welght per-
cent of fuel in the mixture. The quantitles plotted in figure 1 are
cambustion-chanmber temperature, nozzle-exit temperature, speclfic
impulse, and mean molecular weight. The combustion-chember temperature
is high, reaching a maximum of 5139° K. The meximum difference between
the curves of frozen and equilibrium specific impulse is approximetely
9 percent of the equilibrium value at about 25 percent by weight of
fuel in mixture.
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The quantities plotted in figure 2 are characteristic velocity,
coefficient of thrust, and ratio of nozzle-exit area to throat area.
The maximum difference between the curves for frozen and equilibrium
composltion was approximately 6.1 percent for characteristic wveloclity,
3.5 percent for coefficient of thrust, and 25 percent for area ratio.
The variation of coefficient of thrust and area ratio with fuel-oxidant
retioc 1s many times greater for equilibrium composition than for frozen
composition.

The compositlions of the products of combustion in the combustion
chamber and at the nozzle-exit are shown in figures 3(a) and 3(b),
respectively. The ionized products of combustion comprise about
3.2 percent of the total in the combustion chamber for the region near
the stoichiometric mixture and about 1.2 percent of the total at the
nozzle exit.

The calculated values of various performance parameters for the
stoichiometric mixture at combustion pressures of 300 and S00 pounds
per square inch gbsolute for several expension ratios are listed in
table ITI. For constant combustlion-chamber pressure, the effect of
expanslion ratio on specific impulse is shown in figure 4, where the data
for a combustion-chamber pressure of 300 pounds per square inch absolute
are plotted against expansion ratio. Increases of 36.2 and 22.7 percent
in specific impulse for equilibrium and frozen composition, respec-
tively, resulted from increasing the expansion ratio from 20.41 to 1021.
On the basis of data in reference 15, it is expected that the effect of
expansion ratio on specific impulse would be somewhat less for othexr
fuel-oxidant ratios. For constant expansion ratio, the effect of
combustion-chamber pressure on specific impulse can be found from
table ITI. For an expansion ratio of 20.41, increases of 1.9 and
2.7 percent on speclfic impulse for equlilibrium and frozen composition,
respectively, restilted from increasing the combustion-chaember pressure
from 300 to 900 pounds per square inch &bsolute.

EFFECT OF IONIZATION ON PERFORMANCE

In order to determine the effect of lonization on the performance
parameters, a second set of caleculations was made that omitted the
ionized products and included only LiF, Fs, Li, and F as products of
combustion. The results of these caleulations for a combustion-chamber
pressure of 300 pounds per square inch gbsolute and an exit pressure of
1 atmosphere are given in table II. The results for the stolchiometric
mixture at combustion-chamber pressures of 300 and 900 pounds per
square inch absolute for several expansion ratios are given in

table IITI.
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The effect of ionization on specific impulse is shown in figures 5
and 8. Curves of specific impulse calculated both with and without L
lonized products of combustion for both equilibrium and frozen composi- .
tion during expansion are shown plotted against welght percent of fuel
in figure.5 and against expansion ratio in figure 6. Curves of the - -
difference in specific impulse between the values with and without -
ionized products of combustlon are alsc shown. C L

The difference between the two sets of values of specific impulse S
in figure 5 was less than 1.2 pound-seconds per pound assuming equilib-
rium composition, and less than 2.0 pound-seconds per pound assuming
frozen composition during expansion over the entlre range of weight
percent .of fuel. o o

The difference between the two sets of values of specific impulse
in figure 6 was less than 1.2 pound-seconds per pound &assuming equllib-
rium composition and less than 2.2 pound-seconds per pound assuming
frozen compositlion durlng expansion over the range of expansion ratios
from 1 to 1021.

A comparison of the two sets of specific Impulse values In teble III
for a combustion-chamber pressure of 800 pounds per squaere inch absolute
shows a maximum reduction of 2.1 pound-seconds per pound due to ioniza- -
tlon. Because this value is of the same magnltude as the reduction in .
performance due to lonization at a combustion-chamber pressure of -
300 pounds per square inch absolute, it is therefore concluded that the
effect of ionlzation on performance is negligible for pracitical oper-
ating conditions. -

SUMMARY OF RESULTS

A theoretical investigation of the performance parsmeters of lith- _
ium and fluorine as a rocket propellant ylelded the following results:

1. For a combustlon-chamber pressure of 300 pounds per square inch
ebsolute and an exit pressure of 1 atmosphere, specific impulse based on
equilibrium composition reached a meximum value of 335.5 pound-seconds
per pound at a welght percent of fuel in mixture of 31.35 percent, .
whereas the maximum value of specific impulse hased on frozen composi-
tion was 308.8 pound-seconds per second at a welght percent of fuel in ___
mixture of 35.40 percent.

2. The maximum combustion temperature for a chanber pressure of i
300 pounds per square inch @bsolute was 5139° K. . u
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3. An increase in expansion ratio from 20.41 to 1021 with & chanber
Pressure of 300 pounds per squasre inch absolute resulted in a 22,7 per-
cent increase in equilibrium specific impulse for the stoichiometric
mixture. -

4. At en expansion retioc of 20.41, an increase in chamber pressure
from 300 to 800 pounds per square inch absolute resulted in a 1.9 percent
increase in equilibrium specific impulse for the stoichiometric mixture.

5. Although ionlzed products of combustion constituted up to
3.2 percent of the totel combustion products, the maximum reduction in
specific impulse due to ionization was less then 2.2 pound-seconds per
pound over a wide range of fuel-oxldant ratios, chanmber pressures, and
expansion ratios. It is therefore concluded that the effect of ioniza-
tion on the performance of the lithium-fluorine propellant combination
is negligible.

Lewie Flight Propulsion Leboratory,
National Advisory Committee for Aeronauties,
Cleveland, Ohio.
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TABIE I -~ PHYSICAL-CHEMICAL PROFERTIES OF PRCPELLANTS

Eﬂemperatures in superscriptas, OC:-_‘

" Y9¢le

PReference
CReference

efarenca

EA LS e B it ¢ L e =

?Reference
Reference
fReference
hRef erence

11.
12,

1

—he ®

8.

15.
10.
14.

Propellants [Mole- | Denslty | Freez- Boll- | Viscoalty |Enthalpy of| Enthalpy of| Enthalpy of
cular ing ing formetion vaporiza- fusion
welght point point AHp tion AH

M AR
(gramfee)! (%) (°c) | (centi- |(keal/mole)| (kcal/mole)| (keal/mole)
poises)
(1iquid) (1iqudia)
Lithtum | 6.940 [%0.512172| P179 | C1s26 |%0.620.1%%C| €2.305 - | Tzz.ze51326| Dby ;179
(1dquid) {1iquid)
Fluorine |38.000°1.1472%0 M 217 06/ P 167,92 <mncammmnee © 5.050 |P1.517187-92|By 2,-217.96
Stalculated from date of references 9 and 10. ~HACA, -
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TABLE II - CALCULAYED FERFCRMARCE OF LITHIUK AND FLUORINE

[callhuution-chmﬂ:er rressure, 300 ].b/ﬂq in. absolute; exit pressure, 1 amsphare.]

Fuel Pro- Combustion chamber Frogen camposition Equilibrium compositicn
(per- g:ﬂ.:nt Temper-| Maan Specific [Charac- |[Coef- [Ratlo |Tempar-|Specific (Charac- |Coef- |[Batic |Temper-{Mean
cent 031 | ature | molecular|izpulse [taristic |flclent|of ature |impulse [terlstic (flclent|af aturs |molecular
By (gran/ T, | welght I ity |of nozzle-|at I  |velocity |of pogzle-|at veight at
welght) c Y
saha e o W, {ib-see/ | ¢* = |timust jexit  |nozeie {1b-gec/ c*  [thrust |exit |noszlie |noszie
( ) 1] |(ft/sec) Cp |ores |exit 1) |{ft/sec) | Cp [erea [exil |exit
to T to T He
e [
throat | ,a.. throat £%)
area \oay ares, LY.
AlA Afa,
Tnolvding ionixad prodnsts of pcowbnation
13.44| 0.939 4599 22.05 269.1 ——— e | mm—— 1810 278.2 T T B O 2140 22.48
20.36{ .896 5056 ‘| 21.40 288.5 8742 1.5771| 2,957 | 2168 515.9 7179 1.4158| 3.774 3564 83.65
24.74| .860 5139 20.56 298.1 —— mmmmme| ameee | 2240 5275 —_— ———]| e 5904 23.14
886.75| .845 513568 20.16 - | 301.4 7038 1.37682| 2.991 | 2252 530.9 7454 1.4285| 3.974 3817 22.70
28.66| .83 5115 19,77 304.1 ——— ot | e | 2252 335.4 ——— | m———— ——— 5888 22.21
5L.55| .812 - 5055 19.21 307.0 71686 1.3784| 3.002 | 223 535.5 7572 1.4257| 3.919 3756 21.42
55.40| .785 4877 18,32" 308.8 7211 1.3778| 2.996 | 2154 551.9 7580 1.4068} 5.505 3044 18.60
33.00[ .762 4548 17,42 305.1 7151 1,3765| 2.973 | 1985 3154 7358 1.X792| 5.081 2241 17.80
42.2L| ..745 3935 | 16.40 290.5 ——— cmemne| —==== | 1669 292,1 m——r | mee—- PN 1598 16,44
a1.730 .2l ‘aaex (1 oas.ma 7] 22A.2 _— NS S 7. 2x8.2 mmme | memena] e g7 | 14,54
Excluding ionlsed products of combustion
15 .4k 0,958 4G54 £2.10 . | 270.9 —— ————— ——— 1841 Z78.5 — ] EE 2153 22,48
20.36| .896 5117 21.42 290,.3 8780 1.5776| 2,959 | 2198 g17.0 7185 1.4195| 3.762 3574 23.69
24.74( 860 5187 20.57 299.8 —— I e — 2269 328.6 ———— ———| ———— 5923 23.18
826,75 .845 5184 20.17 305.2 7079 1.3779( 2.992 | 2280 532.0 7495 1.4254| 3.952 3936 22.73
28.88) .85 | 5174 | 18.78 | 305.9 U e | 2280 554.6 cmme | =mmmia| o= | 3006 | 22.25
31.35] .812 S114 19.23 508.8 T80 1.3778| 3.002 | 2B63. 5336.7 TE05 1l.4244] 3,800 3774 21.46
Z5.40| .785 4939 18.35 510.7 1254 1.5780[ 3.001 | 2186 332.9 7631 1.4057¢ 3.455 3030 15,60
3.o0l 782 £R12 17.47 307.0 | 7173 13772 2,981 | 2020 5.2 7388 1.%7821 3,004 2223 17.80
42.21| ..743 3963 16,42 291.5 e B BT - 1683 292.2 ——— | —— 1595 16.44
&7.73] 712 2423 14,54 238.2 L [ ] [ 957 258.2 ——— ——f ———— 857 14.54
“staichimetric,

21
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TABLE ITII - CALCULATED PERFORMANCE PARAMETERS OF LITHTUM AND
FLUORINE AT VARIOUS PRESSURES FOR STOICHIOMETRIC RATIO
Nozzle- | Expansion| Frozen composition Equilibrium composition

eii:sure ratio Specific|Temperature|Specific|Temperature |Mean
P P . impulse |jat nozzle impulse [at nozzle |molecular
€ . I exit I exit welght at
(atm) (1b-sec/ Te (1b-sec/ (°x) nozzle
1b) (°K) 1b) exit
L
Including ionized products of combustion .
P. = 300 1b/sq in. sbsolute; T, = 5136° K; M, = 20.16
5 4,083 227.3 3515 237.5 4504 21.37
1 20.41 301.4 2252 330.9 3917 22.70
.2 102.1 340.4 1434 391.5 3422 23.93
.02 1021 369.7 T40 450.8 2762 25.40
Including ionlzed products of combustion
P, = 900 1b/sq in. sbsolute; Te = 5484° K; M. = 20.52
3 20.41 309.6 2440 337.2 4093 *23.09
1 61l.24 339.7 1803 381.0 - 3701 23.95
Excluding lonlzed products of combustion
Po = 300 1b/sq in. absolute; T, = 5194° K; M, = 20.17
5 4,083 228.5 3559 238.5 4539 21.39
1 20.41 303.2 2280 332.0 3936 22.73
o2 102.1 342.4 1452 392.6 3430 23.97
02 (1021 371.8 750 451.7 2756 25.42
Excluding lonized products of combustion
P, = 900 1b/sq in. ebsolute; T, = 5550° K; M, = 20.54 .
3 20.41 311.6 2475 338.4 4112 23.13
1 61l.24 341.8 1829 382.1. 3710 23.99
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Figure 1. - Theoretical performance of liquid lithium with
liguid fluorine. Isentroplc expansion from 300 pounds
per square inch absolute to 1 atmosphere assuming equi-

librium and frozen composition.

Specific impulse, I, lb-sec/lb



Characteristic velocity, c¥, ft/sec
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Figure 2. - Concluded. Theoretlcal characteristic veloc-

1ty, coefficlient of thrust, and area ratio

of liquid

lithium with liquid fluorine. Isentropilc expansion
from 300 pounds per square inch absolute to 1 atmosphere.
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